In semiconductors, quantum confinement can greatly enhance the interaction between band carriers (electrons and holes) and dopant atoms. One manifestation of this enhancement is the increased stability of exciton magnetic polarons in magnetically-doped nanostructures. In the limit of very strong 0D confinement that is realized in colloidal semiconductor nanocrystals, a single exciton can exert an effective exchange field Bex on the embedded magnetic dopants that exceeds several tesla. Here we use the very sensitive method of resonant photoluminescence (PL) to directly measure the presence and properties of exciton magnetic polarons in colloidal Cd1−xMnxSe nanocrystals. Despite small Mn 2+ concentrations (x=0.4-1.6%), large polaron binding energies up to ∼26 meV are observed at low temperatures via the substantial Stokes shift between the pump laser and the resonant PL maximum, indicating nearly complete alignment of all Mn 2+ spins by Bex. Temperature and magnetic field-dependent studies reveal that Bex ≈ 10 T in these nanocrystals, in good agreement with theoretical estimates. Further, the emission linewidths provide direct insight into the statistical fluctuations of the Mn 2+ spins. These resonant PL studies provide detailed insight into collective magnetic phenomena, especially in lightly-doped nanocrystals where conventional techniques such as nonresonant PL or time-resolved PL provide ambiguous results.
Advances in the colloidal synthesis of magneticallydoped nanomaterials have sparked a renewed focus on low-dimensional magnetic semiconductors [1] [2] [3] [4] [5] [6] [7] [8] . The interesting magnetic properties of these materials originates in the strong sp-d exchange interactions that exist between carrier spins (i.e., band electrons and holes with s-and p-type wavefunctions) and the local 3d spins of embedded paramagnetic dopant atoms such as Mn, Co, or Fe [9] [10] [11] . At the microscopic level, the strength of this interaction for a dopant located at position r i scales with the probability density of the carrier envelope wavefunctions at that point: |ψ e,h (r i )| 2 . As such, local spin-spin interactions can be greatly enhanced by strong quantum confinement, which compresses carrier wavefunctions to nanometer-scale volumes and therefore increases |ψ e,h (r)| 2 . The extent to which these exchange interactions can be enhanced and controlled via quantum confinement is an area of significant current interest and has recently been studied in a variety of magnetically-doped semiconductor nanostructures, including nanoribbons [12, 13] , nanoplatelets [14] , epitaxial quantum dots [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] [25] [26] , and colloidal nanocrystals [1-8, 27, 28, 30] .
A particularly striking consequence of sp-d interactions in II-VI semiconductors is the formation of exciton magnetic polarons (EMPs), wherein the effective magnetic exchange field from a single photogenerated exciton -B ex -induces the collective and spontaneous ferromagnetic alignment of the magnetic dopants within its wavefunction envelope, generating a net local magnetization even in the absence of any applied field [31] [32] [33] . In turn, these aligned local moments act back on the exciton's spin, which lowers the exciton's energy, further localizes the exciton, and further stabilizes the polaron. The stability and binding energy of EMPs therefore depends on the detailed interplay between many factors including the exciton lifetime, the polaron formation time, the exchange field B ex , sample dimensionality, and temperature.
EMPs and collective magnetic phenomena have been experimentally studied in a variety of Mn 2+ -doped semiconductor nanostructures, including CdMnSe and CdMnTe-based epilayers and quantum wells [34] [35] [36] [37] [38] [39] [40] [41] [42] , selfassembled CdMnSe and CdMnTe quantum dots grown by molecular-beam epitaxy [14] [15] [16] [18] [19] [20] [21] [22] [23] [24] [25] , and most recently in CdMnSe nanocrystals synthesized via colloidal techniques [8, 28] . Common measurement techniques include the analysis of conventional (i.e., non-resonant) PL [8, 14, 15, 18, 21, 28, 39] and time-resolved PL [8, 16, 28, 34, 35, 40] .
However, an especially powerful and incisive experimental technique for directly revealing the presence and properties of magnetic polarons is the method of resonant PL [31, 35-38, 41, 42] . Here, a narrow-band excitation laser, tuned to the low-energy side of the exciton absorption peak, resonantly excites low-energy 'cold' excitons. Subsequently, the exciton's exchange field B ex aligns the Mn 2+ spins and forms an EMP, which in turn lowers the exciton's energy. When the exciton recombines, it therefore emits a lower-energy photon. Thus, the Stokes shift between the pump laser energy and the emitted PL directly reveals the polaron binding energy. Temperature and magnetic field dependent measurements determine arXiv:1704.07879v1 [cond-mat.mes-hall] 25 Apr 2017 B ex , and therefore the strength of sp-d interactions in the material. Moreover, the resonant PL linewidth provides immediate insight into Mn 2+ spin fluctuations. Resonant PL methods have been used to quantify EMP energies and spin fluctuations in Mn 2+ -doped semiconductor epilayers [37, 42] and quantum wells [36, 38, 41] . To date, however, this powerful technique has never been applied to study EMPs in colloidal nanocrystals, despite the fact that they represent the strongest case of 0D quantum confinement, in which sp-d exchange is expected to be most enhanced.
To address this gap, here we use resonant PL spectroscopy to directly reveal the presence and properties of EMPs in Cd 1−x Mn x Se colloidal nanocrystals. Despite small Mn 2+ concentrations (x=0.4-1.6%), large EMP binding energies up to ∼26 meV are observed at low temperatures, indicating that within its radiative lifetime a photogenerated exciton completely aligns the Mn 2+ spins within its host nanocrystal. The exchange field B ex is found to lie in the range of 8-11 T, in good agreement with theoretical expectations for these nanocrystals. Finally, the significant variations of the resonant PL linewidth are confirmed by numerical Monte Carlo simulations, providing direct insight into Mn 2+ spin fluctuations. These studies highlight the utility of resonant PL as an effective tool for detailed studies of collective magnetic phenomena in colloidal nanomaterials.
Several batches of Cd 1−x Mn x Se nanocrystals were grown by colloidal synthesis (see Supporting Information). The nanocrystals were grown sufficiently large (5 nm average diameter) so that the 1S exciton energy lies below the 4 T 1 → 6 A 1 transition energy of the Mn 2+ ions. This results in long exciton recombination lifetimes exceeding 10 ns, which is much longer than typical sub-nanosecond polaron formation times [8, 16, 31, 34, 35, 40] . Polaron formation is therefore not interrupted by exciton recombination, and proceeds to an equilibrium condition. The Mn 2+ concentrations (0.4%, 0.7%, and 1.6%, which correspond to N ≈ 5, 9, and 20 Mn 2+ /nanocrystal) were intentionally kept low to minimize Mn 2+ clustering effects. Reference samples of nonmagnetic CdSe nanocrystals were also synthesized. The nanocrystals were dispersed in optical-quality polyvinylpyrrolidone films to minimize scattering.
The nanocrystals were first characterized in applied magnetic fields B up to 7 T and at temperatures down to 1.8 K using standard techniques for circularly-polarized absorption, non-resonant PL, magnetic circular dichroism, and time-resolved PL. While certain aspects of these conventional measurements are consistent with EMP formation (see Supporting Information), alternative scenarios are also difficult to rule out: for example, the dynamic spectral redshifts that appear in time-resolved PL studies, which may indicate EMP formation, have also been observed in non-magnetic nanocrystals due to energy transfer [12, 13] . , and resonant PL (red) from a reference sample of nonmagnetic CdSe nanocrystals at T = 1.8 K and B = 0 T. Under resonant (selective) excitation, the PL emission exhibits a series of sharp peaks that reveal exciton fine structure and LO-phonon replicas, in agreement with past studies. (b) Absorption, non-resonant PL, and resonant PL from the 1.6% CdMnSe nanocrystals at 1.8 K and 0 T. In contrast to the nonmagnetic sample, resonant PL from these nanocrystals exhibits a large Stokes shift and is very broad, which provides a direct measure of the magnetic polaron binding energy and also the Mn 2+ spin fluctuations, respectively.
Most importantly, therefore, we focused on resonant PL techniques to explicitly detect the presence and properties of EMPs. Here, we tuned a continuous-wave dye laser to the low-energy side of the inhomogeneouslybroadened 1S exciton absorption peak. This selectively pumps excitons into the subset of nanocrystals whose optically-allowed ("bright" exciton) absorption energy is exactly resonant with the laser, thereby mitigating the effects of ensemble broadening. Subsequently, these excitons can lower their energy by relaxing to "dark" states within the exciton fine structure [45, 46] or also -in Mn 2+ -doped nanocrystals -by forming an EMP. The key point is that the resonant Stokes shift ∆E between the pump laser and the emitted PL therefore reveals the difference between the exciton's initial energy (i.e., at absorption) and final energy (i.e., at recombination). Resonant PL is closely related to fluorescence line narrowing methods that have been used to observe the bright-dark splitting (fine structure) of excitons in conventional undoped nanocrystals [45, 46] .
To establish a reference against which to compare the Mn 2+ -doped nanocrystals, we first show in Fig. 1a the characteristic absorption, non-resonant PL, and resonant PL spectra from an ensemble of conventional nonmagnetic CdSe nanocrystals at low temperature (1.8 K) and at B=0. The 1S exciton absorption peak (black trace) is well-defined and ∼70 meV wide, indicating a typical degree of inhomogeneous broadening due to the nanocrystals' size distribution. The nonresonant PL (dotted blue trace) is similarly broad and is shifted to lower energies, as expected. The resonant PL spectrum (red trace) exhibits a series of sharper peaks that are Stokes-shifted from the pump laser, and is also quite typical [45] [46] [47] . Here, the energy difference ∆E between the laser and the closest emission peak (∼6 meV in this sample) directly reveals the exciton's fine structure -i.e., the energy splitting ∆ bd between the "bright" (angular momentum projection J = ±1) and lower-energy "dark" (J = ±2) exciton states that is due to electron-hole exchange. The additional peaks at lower energies are optical phonon replicas of the dark state.
In comparison, Fig. 1b shows the same three spectra measured on the 1.6% CdMnSe nanocrystals. The broad absorption and non-resonant PL spectra are dominated by the inhomogeneous size distribution and are essentially indistinguishable from those of the nonmagnetic reference sample (the overall shift in absorption/PL energy is because the nonmagnetic nanocrystals in Fig. 1a have smaller average diameter). Crucially, however, the resonant PL spectrum is completely different. Instead of a series of sharp emission peaks, the resonant PL at B = 0 exhibits a much larger Stokes shift ∆E, and is broad and featureless. This indicates i) that excitons in these magnetically-doped nanocrystals lower their energy much more during their lifetime as compared to nonmagnetic nanocrystals, and ii) that the distribution of Stokes shifts is much broader. Both of these properties are consistent with the presence of Mn 2+ spins and the formation of EMPs.
The most unambiguous evidence for EMP formation in these CdMnSe nanocrystals is obtained via the dramatic evolution of the resonant PL spectra in applied magnetic fields. As shown in Fig. 2a for the 1.6% CdMnSe sample, the initially broad and featureless resonant PL spectrum at 0 T evolves continuously into a series of narrow emission peaks at 7 T. The Stokes shift ∆E between the laser and the closest emission peak decreases from ∼30 meV to ∼5 meV. Importantly, at 7 T the resonant PL spectrum now closely resembles that which was obtained from the nonmagnetic CdSe nanocrystals (see Fig. 1a) ; namely, a narrow emission peak at small ∆E followed by a series of optical phonon replicas. Measurements of the 0.7% and 0.4% CdMnSe nanocrystals show similar evolution with field, but with smaller ∆E at B = 0 (Fig. 2b) . In marked contrast, all the nonmagnetic CdSe nanocrystals show very little change in the resonant PL energy and width up to 7 T, in agreement with prior studies [46, 47] .
These two trends in the resonant PL -namely, the drop in both ∆E and the linewidth as B is increased -are telltale hallmarks of EMPs that have been previously observed in higher-dimensional and rather heavily Mn-doped diluted magnetic semiconductors such as CdMnTe-based epilayers and quantum wells with x >10% [36] [37] [38] 41] . These trends, now clearly observed here in lightly doped but strongly confined 0D nanocrystals, are due to the decrease of the EMP binding energy, and also the decrease of Mn 2+ spin fluctuations, by the applied field B. As the cartoons in Fig. 2 depict, at B = 0 the excitons are initially photoinjected into nanocrystals having a randomly-oriented distribution of Mn 2+ spins (the average Mn 2+ spin polarization in the ensemble is zero). Subsequently, the excitons lower their energy by forming a magnetic polaron, and eventually recombine from a lower-energy final state in which the Mn 2+ spins are aligned (note this occurs independent of the nanocrystals' orientation). In these ensemble measurements, this results in a large average Stokes shift ∆E at B = 0. Moreover, because of the initially random orientation of the Mn 2+ spins, and also because the exact number and location of the Mn 2+ spins within each nanocrystal varies, the energy lost by each exciton is different. This gives a broad distribution of measured Stokes shifts, and correspondingly broad resonant PL features at B=0 T.
In contrast, at B=7 T (and at low temperatures) each exciton is initially photoinjected into a nanocrystal wherein all the paramagnetic Mn 2+ spins are already aligned by B. The exciton cannot further align the Mn 2+ , and so the final energy of the exciton is approximately the same as its initial energy. The net result is a small resonant Stokes shift ∆E that is expected to be similar to that from nonmagnetic nanocrystals, as observed. Moreover, because the Mn 2+ within each nanocrystal are aligned in both the initial and final states (again, independent of the nanocrystals' orientation), there is no additional broadening from stochastic spin fluctuations. The resonant PL features are expected to be comparably narrow to those obtained from nonmagnetic nanocrystals, again precisely as observed (e.g., compare Fig. 2a and Fig. 1a) .
To better quantify the average Stokes shift ∆E and also the linewidth Γ of the resonant PL features, we fit all the resonant PL spectra from all the nanocrystals to a series of Gaussian peaks. The results are shown in Figs. 3a,b. We note that these values do not depend on the exact photon energy of the resonant pump laser, as long as it is tuned well below the 1S exciton (see Supporting Information). At B=0, ∆E is largest for the 1.6% CdMnSe nanocrystals (∼31 meV), and is smaller for the more lightly-doped samples (∼17 meV for the 0.7% nanocrystals and ∼10 meV for the 0.4% nanocrystals). Crucially however, for all the Mn 2+ -doped nanocrystals, ∆E falls monotonically as B → 7 T, and converges to- With increasing field B from 0 → 7 T (applied in the Faraday geometry), the resonant emission sharpens dramatically and evolves into a narrow peak (and its optical phonon replicas), while the Stokes shift ∆E between the excitation laser and the first emission peak is markedly reduced. Respectively, these indicate a suppression of Mn 2+ spin fluctuations, and a reduction of the magnetic polaron binding energy (because the Mn 2+ are already initially aligned by B, and further alignment by the exciton is not possible). The cartoons depict the initial and final Mn 2+ spin configurations (i.e., when the exciton is created, and when it recombines), at both zero and large B. (b) Resonant PL spectra versus B at 1.8 K for the 0.7% CdMnSe, 0.4% CdMnSe, and nonmagnetic CdSe nanocrystals. As the Mn 2+ concentration decreases, the zero-field Stokes shift and the linewidth both decrease (because both the polaron binding energy and Mn 2+ spin fluctuations decrease). However, by 7 T the resonant PL spectra from all the CdMnSe nanocrystals closely resembles the resonant PL from the nonmagnetic CdSe nanocrystals (narrow peaks, small ∆E). B has little influence on ∆E or the resonant PL linewidth in nonmagnetic nanocrystals.
wards a common value of ∼5 meV at large B.
Interestingly, 5 meV is very close to the fieldindependent value of ∆E that is observed in nonmagnetic nanocrystals of the same size (black points), which in turn is due to electron-hole exchange and the splitting ∆ bd between bright and dark excitons [45] , as discussed above. However, the presence of a similar 5 meV offset exhibited by ∆E in the CdMnSe nanocrystals is somewhat unexpected, because the exciton ground state in conventional Mn 2+ -doped II-VI semiconductors is typically bright at large B [9, 11] (this is because the s-d electron-Mn 2+ exchange energy -the energy required to flip the electron spin -typically greatly exceeds ∆ bd ). Our resonant PL data are nonetheless consistent with a lower-lying and/or dark exciton ground state in these CdMnSe nanocrystals at large B, whose origin is unclear but which could result, e.g., from slow EMP reorientation [8] or from a confinement-induced reduction/inversion of the s-d exchange interaction (a scenario recently explored in quantum-confined semiconductors [8, 12, 13, 48] ). Regardless, the essential observation and key point is that ∆E clearly converges to a constant value of ∼5 meV at large B. We therefore associate the EMP binding energy (i.e., the energy that is lost by the exciton at B=0 due explicitly to EMP formation) with ∆E − 5 meV ≡ 26 meV, 12 meV, and 5 meV for the 1.6%, 0.7%, and 0.4% CdMnSe nanocrystals, respectively.
Similar to the Stokes shifts, the resonant PL linewidths Γ are, at B=0, largest for the 1.6% CdMnSe nanocrystals and smaller for the 0.7% and 0.4% samples (see Fig. 3b ). As B → 7 T, all the linewidths decrease and converge toward a common value of ∼8 meV, which is again very close to the linewidth observed in the nonmagnetic CdSe nanocrystals. This trend indicates a narrowing distribution of Stokes shifts in the ensemble, due to a suppression of spin fluctuations as the Mn 2+ spins are forced to align by B. Note this behavior is also in accord with the fluctuation-dissipation theorem, which mandates that magnetization (spin) fluctuations scale with χ, the magnetic susceptibility:
∂B is simply the slope of the Brillouin function (discussed below), and therefore χ → 0 as B → ∞. However, we emphasize that the measured linewidths are surprisingly large at zero field -comparable to ∆E itself. Given that ∆E should scale approximately as N (the average number of Mn 2+ per nanocrystal), then the broad linewidths at B=0 are in contrast with simple expectations that Γ should scale as √ N . Furthermore, the resonant PL peaks are slightly asymmetric -the distribution's tail is longer on the low-energy side (most clearly seen at large B, where the phonon replicas do not overlap). Again this contrasts with the expectation of symmetric distributions that derives from stochastic (gaussian) √ N fluctuations alone. As discussed below, the unexpectedly broad widths and asymmetric lineshapes are due to the statistics of the overlap of randomly-placed Mn 2+ ions with ψ h (r), the hole's spatially nonuniform envelope wavefunction in the nanocrystal.
To estimate B ex and the degree of Mn 2+ spin alignment due to EMP formation, we must compare the measured polaron binding energy (∆E − 5 meV) to the giant Zeeman splitting of the 1S exciton absorption that occurs when the Mn 2+ spins are intentionally aligned by applied fields B. Figure 3c shows the total Zeeman splitting, E Z , for the 1.6% and 0.7% CdMnSe nanocrystals as determined from polarized absorption spectroscopy (the inset shows the right-and left-circularly polarized absorption spectra of the 1S exciton at 6 T and 3 K).
As expected for Mn 2+ -doped nanocrystals [1, 7, 8] , E Z is very large and follows a modified Brillouin form:
.
(1) The first term describes the small Zeeman splitting that is due to the intrinsic g-factor of excitons in CdSe nanocrystals (|g x | 1.4). This term is very small (∼0.5 meV at 6 T) and can be ignored. The second term accounts for the additional exciton splitting due to sp-d exchange interactions with the Mn 2+ ions, which have average spin projection S z along B. S z follows a Brillouin function B 5 2 , which describes the field-and temperature-dependent paramagnetism of the spin-5/2 Mn 2+ ions. Here, g Mn =2 is the Mn 2+ g-factor, µ B is the Bohr magneton, and k B is the Boltzmann constant. The saturated magnitude of this second term, E spd , is sample-specific and depends on the net overlap of |ψ e,h (r)| 2 , the probability density of the carrier envelope wave functions, with the embedded Mn 2+ ions. In bulk diluted magnetic semiconductors, E spd is typically given within the mean-field and virtual crystal approximation as E spd = xS eff (N 0 α − N 0 β), where x is the Mn concentration, S eff is the effective Mn 2+ spin (≈ 5/2 for small x), and N 0 α and N 0 β are the exchange constants characterizing the s-d and p-d interactions for electrons and holes, respectively.
In large B where the Mn 2+ spins are completely aligned, we find that E Z saturates at E spd ≈ 28 meV and 58 meV in the 0.7% and 1.6% CdMnSe nanocrystals, respectively. Therefore, if an exciton at B=0 forms an EMP and completely aligns all the Mn 2+ spins within its wavefunction envelope, then these aligned spins acting back on the exciton will lower its energy by Brillouin functions corresponding to the measured total Zeeman splitting EZ of the 1S exciton absorption peak in the 1.6% and 0.7% CdMnSe nanocrystals at 3 K (see Eq. 1). EZ was measured by circularly-polarized absorption; the inset shows example spectra at B=6 T and T =3 K. EZ saturates at E spd =58 meV and 28 meV, respectively, in these samples. The polaron binding energy can be directly compared with 1 2 EZ to determine the degree of Mn 2+ spin alignment due to EMP formation.
degree of Mn 2+ spin alignment due to EMP formation, and also the exchange field B ex that the exciton exerts on the Mn 2+ spins. In the 0.7% CdMnSe nanocrystals, the measured EMP binding energy of 12 meV at 1.8 K is close to 1 2 E spd (=14 meV), indicating that the Mn 2+ ions in these nanocrystals are nearly completely aligned by EMP formation at B=0. Similarly, the 26 meV EMP binding energy measured in the 1.6% CdMnSe nanocrystals is close to 1 2 E spd = 29 meV, again indicating nearly complete alignment of the Mn 2+ ions due to EMP formation at 1.8 K. In principle, the exchange field B ex can be equated with the magnetic field required to achieve this degree of alignment. In practice, however, such estimates are accurate only when the degree of Mn alignment is modest and the polaron binding energy is much less than 1 2 E spd , as shown in prior works [31] . Here at 1.8 K, when the EMP binding energy approaches its maximum value of 1 2 E spd and the Mn alignment saturates, estimates of B ex become very sensitive to any small systematic offsets, and we can infer only that B ex is large, at least of order several tesla but possibly much larger.
Temperature-dependent studies provide a more accurate estimate of B ex . Figure 4a shows resonant PL spectra from the 1.6% CdMnSe nanocrystals from 2.5-20 K, at B=0. In qualitative agreement with prior studies of CdMnTe/CdMgTe superlattices [37] , the resonant Stokes shift ∆E decreases as temperature increases. This indicates a reduction of the EMP binding energy, because the Brillouin-like magnetization of the Mn 2+ spins, S z , no longer saturates in the exchange field B ex at elevated temperatures (put differently, the Mn 2+ susceptibility decreases as temperature rises). This can also be understood by explicitly considering the difference between final and initial exciton energies given by the B-and Tdependent Zeeman energy from Eq. (1): The quantity ∆E ≈ Similarly, Fig. 4b shows temperature-dependent resonant PL spectra at B=7 T. In contrast to the zero-field case, here ∆E increases with increasing temperature. This can also be understood by considering final and initial exciton energies: The quantity ∆E ≈ 1 2 [E Z (B = 7T + B ex ) − E Z (B = 7T)] is small at low temperatures (the Mn 2+ spins are already initially saturated and the additional B ex has little effect), but increases as temperature rises (the Mn 2+ are no longer initially saturated, and can be further aligned by B ex ). Figure 4c compares the measured ∆E (points) with expectations from the Brillouin function (lines) for both cases. The best agreement is found using B ex ≈ 8 T for the case of zero applied field, and, in reasonable concurrence, B ex ≈ 11 T when B=7 T. Thus, we conclude that B ex lies in the range of 8-11 T for the 1.6% CdMnSe nanocrystals. Similar values of B ex are obtained for the other samples. This large value of the exchange field B ex exceeds typical values observed in epitaxially-grown and lightly-doped superlattices and quantum dots (∼3 T) [14, 33] , but agrees rather well with straightforward theoretical estimates of B ex for colloidal nanocrystals of this size, as discussed immediately below.
First, we adopt the common assumption that B ex derives entirely from the spin of the hole, and neglect the influence of the electron spin [15, 31, 33] . This assumption is justified because the p-d exchange constant |N 0 β| significantly exceeds the s-d exchange constant |N 0 α|: in bulk CdMnSe, |N 0 β| = 1.27 eV while |N 0 α|=0.23 eV [11] . Moreover, N 0 α is likely even further reduced in colloidal nanostructures due to quantum confinement ef- fects [8, 12, 13, 48] . Next, we recall that B ex is actually position-dependent within a nanocrystal and scales with the probability amplitude of the hole's envelope wavefunction [31, 33] :
where J = 3 2 is the hole spin. To simplify Eq. (2), we use the popular "exchange box" model [18, 31, 33] wherein |ψ h (r)| 2 and therefore B ex (r) are taken to be constant within an effective hole localization volume V , and zero everywhere else. In this model, all Mn 2+ ions within V interact equally strongly with the hole. We then obtain the following relationship between B ex , the p-d exchange constant, and polaron volume:
where N 0 is the number of cations per unit volume (N 0 ≈ 18.0/nm 3 for CdSe). B ex is therefore very sensitive to V , which can be significantly less than the physical volume of the nanocrystal because ψ h (r) approaches zero towards the nanocrystal surface. In general, V can be defined [33, 42] 
If the nanocrystals are modeled as infinite spherical potential wells with radius a, then the 1S carrier envelope wavefunctions have functional form ψ(r) ∝ sinc(πr/a), and V is only ∼36% of the total nanocrystal volume [here, sinc(x) = sin(x)/x]. Our nanocrystals have 5 nm average diameter, from which we estimate within this "box" approximation that B ex ≈ 13 T, which is in reasonable agreement with the values of 8-11 T that were experimentally determined from resonant PL as shown in Fig.  4 . Variations in the exact spatial extent and functional form of ψ h (r) will also influence V and therefore B ex .
Per Eq. 3, B ex scales inversely with nanocrystal volume, and therefore small changes in nanocrystal diameter will significantly influence B ex . However, the measured resonant Stokes shift depends only on E spd (assuming complete EMP formation) and therefore only on the effective Mn concentration in the nanocrystal (see Eq. 1), and is therefore in principle independent of nanocrystal size.
We note that some earlier studies have analyzed the temperature dependence of conventional (non-resonant) PL to infer the properties of EMPs. For example, in Ref. [28] , very large values of B ex in the range of 75-120 T were inferred in CdMnSe nanocrystals with 4.3-5.0 nm diameters. A similar analysis of conventional PL from our 1.6% CdMnSe nanocrystals suggests an exchange field of order 40 T (see Supporting Information), which is 4-5 times larger than the value of B ex determined by our resonant PL studies, and 3 times larger than theoretical expectations. Analysis of EMP properties based on conventional PL/absorption spectroscopy may therefore also be influenced by effects due to inhomogeneous broadening in the ensemble and/or temperature-dependent energy relaxation within the broad manifold of states that comprise the exciton fine structure [45] . Both effects are significantly mitigated in resonant PL studies.
Finally, to quantitatively interpret the unexpectedly large linewidths and the asymmetry of the resonant PL peaks that we observed experimentally, we model these resonant PL spectra using a simple numerical Monte Carlo method (see Supporting Information). These simulations account for the effects of fluctuating Mn 2+ spins and their random spatial distribution within the nanocrystals. Figure 5 shows calculated resonant PL spectra with increasing field and temperature. Phonon replicas are ignored for clarity. The pronounced shift and narrowing of the spectra with increasing applied field B are captured very well (e.g., compare Fig. 5a with the field-dependent experimental data shown in Fig. 2) . Similarly, the temperature-dependent decrease and increase of ∆E at B=0 and B=7 T, respectively, are also modeled accurately (e.g., compare Figs. 5b,c with the temperature-dependent data shown in Figs. 4a,b) .
Importantly, these simulations allow us to study how CdMnSe nanocrystals). Spectra are calculated using both ψ h (r) ∝ sinc(πr/a) and ψ h (r)=constant (left and right panels, respectively). The additional 5 meV offset of the resonant Stokes shift that is observed experimentally is not included in these simulations. (a) Calculated spectra at T =1.8 K for increasing applied field B (compare with experimental data in Fig. 2 ). (b,c) Calculated spectra at B=0 and B=7 T for increasing temperature (compare with data in Figs. 4a,b) . The broader linewidths and asymmetric line shapes are accurately reproduced when using a realistic functional form of ψ h (r), but are not reproduced within a simple "box" model where ψ h (r) is constant.
the linewidths and the detailed lineshapes of the resonant PL features depend on the exact functional form of the hole wavefunction ψ h (r). For example, Fig. 5 shows results for both the simplest "box" model wherein ψ h (r) is constant throughout the entire nanocrystal, and also for the more realistic scenario where ψ h (r) ∝ sinc(πr/a). When ψ h (r) is constant, the calculated resonant PL spectra are relatively narrow and symmetric, as expected because all Mn 2+ spins interact equally strongly with the hole. In this case the random spatial distribution of Mn 2+ within the nanocrystals is irrelevant: At B=0 the resonant Stokes shift is determined by N and the linewidth is determined by the √ N spin fluctuations alone.
In contrast, both the much larger linewidth as well as the asymmetric lineshape of the resonant PL peaks are more accurately captured when using ψ h (r) ∝ sinc(πr/a). This is because the random spatial distribu-tion of the Mn 2+ ions now matters: different nanocrystals having the same number of randomly placed Mn 2+ ions can exhibit very different Stokes shifts depending on whether the Mn are statistically located closer to or further from the center of the nanocrystal. Mn 2+ spins located near the nanocrystal center where |ψ h (r)| 2 is large are less probable, but significantly impact the exciton energy. These effects further broaden the measured linewidth, and cause the asymmetric line shape. For direct comparison with experimental data, results from these Monte Carlo simulations are shown for the 1.6% CdMnSe nanocrystals by the solid red lines in Fig.  3a,b . When the field-and temperature-independent offsets for both ∆E and Γ are included, quite good agreement with the experimental data is obtained.
In summary, resonant PL is demonstrated to be a powerful technique for studying magnetic polarons in magnetically-doped colloidal nanocrystals. Via a systematic analysis of the Stokes shifts and linewidths of resonant PL spectra, the binding energies of EMPs and Mn 2+ spin fluctuation properties are directly measured as a function of temperature, applied magnetic field, and magnetic doping concentration. In these strongly quantum confined CdMnSe nanocrystals, the exchange field B ex that is 'seen' by the Mn 2+ due to an exciton is determined to be approximately 10 T, in very reasonable agreement with theoretical expectations for nanocrystals of this size. These studies highlight the utility of resonant PL as an important tool for studies of collective phenomena in new colloidal nanomaterials.
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Wurtzite CdSe nanocrystals, 5 nm in diameter and capped with octadecylphosphonic acid (ODPA) were synthesized following Ref. [1] . Before Mn 2+ doping, the ODPA ligands were partially replaced with oleic acid. The preparation of lightly-doped Cd 1−x Mn x Se nanocrystals followed published procedures with necessary modifications [2] . The Mn 2+ concentration was determined from the giant Zeeman splitting of the 1S exciton absorption peak, measured at low temperatures and in applied magnetic fields B to 7 T.
Optical-quality films exhibiting minimal scattering were essential for these resonant photoluminescence (PL) experiments. Typically, 2% weight-to-weight (w/w) polyvinylpyrrolidone (PVP) in CHCl 3 was mixed with a 4 mL nanocrystal/CHCl 3 solution. After centrifuging this mixture, the pellet was then re-dissolved in 600 µL of 1% PVP in 20% w/w butanol/chloroform. Drops of this reformed mixture were spread onto glass cover slips and then spun at 500 rpm for 120 seconds followed by an additional 60 seconds at 2000 rpm. This procedure produced thick (∼20 µm) homogenous nanocrystal films. Ref. [3] contains additional details about the nanocrystals and film preparation.
All measurements were performed with the samples mounted in the variable-temperature insert of a 7 T magneto-optical cryostat. Magnetic fields B were applied normal to the nanocrystal film and parallel to the direction of optical excitation/detection -i.e., the Faraday geometry. For resonant PL studies, a low-power continuous-wave dye laser with a narrow linewidth (∼40 GHz) was tuned to the far red (low-energy) side of the 1S exciton absorption resonance in order to excite only a narrow distribution of the lowest-energy 1S excitons in the ensemble and to avoid effects due to energy transfer or photon re-absorption. The resonant PL was detected by a 500 mm spectrometer and a LN 2 -cooled CCD. We confirmed, at both B=0 and 7 T, that the measured resonant Stokes shifts were essentially independent of the exact photon energy of the pump laser, provided that it was tuned well below the 1S exciton absorption peak (in accord with prior resonant PL studies of magnetic polarons in quantum wells and epilayers [4] ). For all the data shown, we pumped and detected circularly polarized light. No evidence of optical orientation of magnetic polarons [5] was ever observed, likely due to the random nanocrystal orientation.
Conventional (Non-resonant) Magneto-PL Measurements
Conventional (non-resonant) polarization-resolved PL was measured on all samples as a function of temperature and magnetic field. High-energy excitons were excited by a weak, linearly-polarized, 405 nm (3.06 eV) cw diode laser. Magneto-PL from the 1.6% CdMnSe nanocrystals are shown in Fig. 6 . The PL develops a significant degree of circular polarization DCP = Iσ+−Iσ− Iσ++Iσ− with increasing B. The circularly-polarized PL peaks at B=6 T are only very slightly shifted from the 0 T PL peak (by < 5 meV, which is much less than the ∼30 meV EMP binding energy), consistent with a scenario in which excitons recombine from a fully-formed low-energy EMP state even at B=0. At the lowest temperatures, the DCP saturates at ∼0.85 by 3 T (in comparison, nonmagnetic CdSe nanocrystals require larger applied magnetic fields to achieve similar DCP saturation [6, 7] ). However, the DCP actually saturates much more gradually with B than is expected from a simple model of excitons thermally populating two spin states that are split by the giant Zeeman splitting E Z (B, T ) in these nanocrystals. As discussed previously [8] , aspects of this behavior in conventional PL measurements may be due to the details of EMP formation, the influence of Mn 2+ spin fluctuations, and the random nanocrystal orientation. 
Time-Resolved PL Measurements
Time-correlated single-photon counting studies were performed using a 405 nm pulsed diode laser (∼70 ps pulse width) and a fast multichannel plate photomultiplier tube attached to a 500 mm spectrometer. This allowed both time-and spectrally-resolved PL decays, from which dynamic redshifts of the emission spectrum were determined. Figure 7a shows the conventional (non-resonant) PL spectrum from the 1.6% CdMnSe nanocrystals at 1.8 K and 0 T. The red dots show the specific photon energies where time-resolved PL decays were measured. Figure  7b shows the PL decay measured at the PL maximum (2.1 eV). The decay is multiexponential with a slow component of order 20 ns, which is over an order of magnitude longer than the (sub-nanosecond) timescales typically required for complete EMP formation [5, 8] . Thus, EMP formation proceeds to an equilibrium condition and is not interrupted by exciton recombination. J = ±1 "bright" excitons. It is tempting, therefore, to associate the 20 ns PL lifetime observed in these CdMnSe nanocrystals with emission from an opticallyallowed bright exciton ground state. However, as discussed in Fig. 3 of the main text, the resonant PL data clearly show a 5 meV offset in ∆E at large B, which is consistent with a dark exciton ground state in these CdMnSe nanocrystals. To understand the short PL lifetimes in this case, recall that applied magnetic fields will mix dark exciton states with their bright counterparts in randomly-oriented nanocrystal ensembles, leading to significantly accelerated PL dynamics from nominally dark excitons at low temperatures [6] . The influence of large sp-d exchange interactions in Mn-doped nanocrystals is expected to have a similar effect, even at zero applied field. Further studies are clearly needed in order to pinpoint the nature of the exciton ground state in Mn-doped colloidal nanocrystals. Figure 7c shows the reconstructed "instantaneous" PL spectra within the first 3 ns after nonresonant photoexcitation. A dynamic redshift is observed on these short timescales. Figure 7d shows the centroid of the PL spectrum on longer timescales, where it is clear that the dynamic redshift slows but nonetheless continues out to very long timescales of order 30 ns. While this dynamic redshift is consistent with EMP formation and subsequent slow reorientation/relaxation of the EMPs [8, 11] , we also note that very similar dynamic redshifts of exciton PL have been observed in ensembles of non-magnetic CdSe nanocrystals, due for example to Förster energy transfer [12, 13] . The dynamic redshifts observed here are therefore also consistent with energy transfer within the ensemble. Very likely, both effects contribute to the dynamic PL redshift. Interestingly, Figure 7d also shows that there is very little difference between the dynamic redshift observed at B=0 and B=7 T.
Temperature Dependence of Non-resonant PL Previous studies [8, 11, 14, 15] have used the temperature dependence of the global (i.e., the non-resonant) Stokes shift -by which we mean the large energy difference between the 1S exciton absorption peak and the nonresonant PL peak -to infer the presence of magnetic polarons and to estimate the polaron binding energy and the exchange field B ex . For example, Ref. [11] utilized this non-resonant technique on CdMnSe colloidal nanocrystals (4.3 − 5.0 nm diameter) and inferred surprisingly large values of B ex from 75-120 T.
We performed a similar analysis of the global Stokes shift on our 1.6% CdMnSe nanocrystal sample. Conventional absorption and (non-resonant) PL were measured from room temperature down to 2.5 K. As shown in Fig. 8 , the 1S exciton absorption peak exhibits the usual monotonic Varshni blueshift as the temperature decreases. At intermediate temperatures where the absorption was not explicitly measured, we interpolate the absorption peak position using the Varshni equation (dashed line). The nonresonant PL peak energy also blueshifts upon cooling down to about 50 K, and then redshifts slightly at lower temperatures down to 2.5 K. This redshift is consistent with an additional lowering of the exciton's final energy by magnetic polaron formation.
The temperature dependence of the non-resonant Stokes shift is shown in Fig. 8c (a constant 40 meV offset has been subtracted from the data). The data are fit to a Brillouin function: B 5/2 5gMnµ B Bex 2k B (T +T0) . The value of B ex obtained using this protocol is a very large 43 T, which is a factor of 4-5 larger than the value that we directly measured using resonant PL spectroscopy (see main text), and significantly larger than the value of ∼13 T predicted by theory. Though the low-temperature redshift of the nonresonant PL spectra is consistent with EMP formation, accurate determination of B ex based strictly on the temperature dependence of global Stokes shifts and/or non-resonant PL measurements may be influenced by additional factors that are unrelated to EMP formation, such as inhomogeneous broadening in the ensemble and/or temperature-dependent energy relaxation within the broad manifold of states that comprise the exciton fine structure. Both effects are largely mitigated in resonant PL studies.
Numerical Monte Carlo Simulations
We simulated the measured resonant PL spectra using a numerical Monte Carlo approach, which necessarily accounts for fluctuations of Mn 2+ spin orientation and distribution within the nanocrystal ensemble. The simulations were performed as follows: For each nanocrystal, we first generate N random locations within a unit sphere for the Mn 2+ ions. N ranged from 5 to 20 (corresponding to our 0.4% -1.6% CdMnSe nanocrystals) and could be chosen from an appropriate Poisson distribution. A random spin orientation for each Mn 2+ is then generated, weighted by the appropriate distribution for the given temperature and applied field B. The initial energy of the exciton is calculated by summing over the individual exchange energies from each Mn 2+ ion, weighted by the probability amplitude of the properly normalized hole wavefunction |ψ h (r)| 2 . Then, to account for polaron formation, each of the same N Mn 2+ ions is assigned new random spin orientation drawn from a new distribution that corresponds to the total magnetic field B + B ex (r) = B + B ex |ψ h (r)| 2 . Note that this procedure adopts the simplification that B and B ex are parallel and can be added as scalars; in actuality B and B ex may not be strictly parallel. The final exciton energy is again obtained via the sum over the individual exchange energies A Brillouin fit to the data is achieved using Bex ∼ 43 T, which is a factor of 4-5 times larger than the values of Bex that were directly measured via resonant PL studies (see main text).
from each Mn
2+ ion, weighted by |ψ h (r)| 2 . The Stokes shift ∆E is given by the difference between initial and final exciton energies, and the distribution of ∆E is obtained by repeating the simulation hundreds of thousands of times. A related Monte Carlo approach was described in [16] to simulate bound magnetic polarons in a very dilute regime in bulk CdMnTe.
